Resistance to the lethal effects of cellular stressors, including the toxic heavy metal cadmium (Cd), is characteristic of fibroblast cell lines derived from long-lived bird and rodent species, as well as cell lines from several varieties of longlived mutant mice. To explore the mechanism of resistance to Cd, we used inductively coupled plasma mass spectroscopy to measure the rate of Cd uptake into primary fibroblasts of 15 rodent species. These data indicate that fibroblasts from long-lived rodent species have slower rates of Cd uptake from the extracellular medium than those from short-lived species. In addition, fibroblasts from short-lived species export more zinc after exposure to extracellular Cd than cells from long-lived species. Lastly, fibroblasts from long-lived rodent species have lower baseline concentrations of two redox-active metals, iron and copper. Our results suggest that evolution of longevity among rodents required adjustment of cellular properties to alter metal homeostasis and to reduce the toxic effects of heavy metals that accumulate over the course of a longer life span.
I
DENTIFICATION of single gene mutations that extend life span in worms, flies, and mice has allowed biogerontologists to test hypotheses about factors that control the rate of aging by looking for biochemical differences among young adults of species that age at different rates. The effects of genetic mutations and dietary manipulations on life span in mammals have, so far, been limited to a maximum of a 50% increase beyond the life span of control groups. In contrast, differences in the rate of aging produced by evolution are five to 10-fold within some orders of mammals and 30-to 100-fold within the class of Mammalia as a whole. Analysis of single gene mutations in caenorhabditis elegans showed that mutations that lead to increased life span often render the mutant worms more resistant to several forms of lethal stress including heavy metals, ultraviolet radiation, heat, and oxidizing agents (1) . These results suggest that resistance to a wide variety of lethal stresses may contribute to the antiaging effect of the mutations. Several studies of skin-derived fibroblasts have demonstrated a correlation between cellular resistance to lethal stress and species life span in rodents (2) , birds (3), long-lived mutant mice (4) , and mammals (5) . Association between lethal stress and life span suggests that resistance to injury may be part of the genetic pathways regulating life span across evolutionary lineages.
Cells from long-lived rodent and bird species (2, 3) , including the very long-lived rodent naked mole rat (6) , are more resistant to death induced by exposure to cadmium (Cd). Cd is a naturally occurring toxic transition metal that accumulates in cells and tissues with no effective mechanism for export. In humans, Cd turns over very slowly, with a half-life of about 20 years (7, 8) . Cellular Cd accumulation affects the function of many different cellular systems, leading to toxicity. Cd disturbs DNA base excision and mismatch repair, particularly by binding to and inactivating an essential eukaryotic mismatch repair protein, Msh2-Msh6 (9) . Cd also suppresses DNA repair and apoptosis and induces cell proliferation by inhibiting the tumor suppressor transcription factor p53 (10) . Furthermore, Cd induces stimulation of transcription factors including nuclear factor κB and nuclear factor erythroid-2-related factor 2 (7). Finally, Cd accumulation leads to a rapid buildup of reactive oxygen species (11) . Cd is not a redox-active metal, but intracellular Cd disrupts transition metal homeostasis of copper (Cu), manganese (Mn), zinc (Zn) (12) (13) (14) (15) , and possibly iron (Fe), which may induce formation of reactive oxygen species. Cd has high affinity for metalloproteins and may displace Fe, Cu, Mn, and/or Zn bound to proteins, thus inhibiting vital cellular enzymes and transcription factors and contributing to cell toxicity.
Transition metal homeostasis is regulated by a complex system of transmembrane metal importers and exporters, chaperones, storage proteins, and metal-sensing proteins as well as various transcriptional, translational, and posttranslational regulators (16) . Although the detailed mechanisms of metal homeostasis vary from metal to metal, metal transport proteins are, in all cases, important for conveying metals in/out of cells and cellular compartments (17, 18) . Metalbinding proteins and small molecules buffer the free metal concentrations to decrease the toxicity of transition metals and, for some metal ions, protein chaperones deliver the correct metal ion to protein-binding sites (19) (20) (21) . Finally, metal-sensing proteins help to regulate the expression of proteins involved in maintaining metal homeostasis (22) .
The goal of the current investigation was to develop a biochemical explanation for the observation that fibroblasts from long-lived rodent species are resistant to the lethal effects of Cd (2-4). In principle, resistance might involve constraints on Cd influx, augmentation of Cd removal, internal buffering of Cd ions by chelators or compartmentalization, and/or mechanisms that modulate the toxic effects of Cd, such as turnover and replacement of Cd-damaged macromolecules. In this study, we exposed primary fibroblasts established from 15 rodent species and 1 bat species (summarized in Table 1 ) to Cd and measured the cellular concentration of Cd, Cu, Fe, Mn, and Zn using inductively coupled plasma mass spectroscopy (ICP-MS) to identify possible mechanisms of Cd resistance in cells from longlived species. Our data demonstrate that a decreased rate of Cd import is a significant contributor to enhanced Cd resistance in long-lived rodents.
Methods

Rodent Fibroblast cell lines
Fibroblast cultures were established as previously described in references (2, 23 . In most cases, cells were harvested at passage four (ie, two passages after thawing), but for some cell lines an additional one to three subculturings were required to generate the needed number of cells.
cd exposure 2 × 10 6 cells in 12 mL of complete medium were seeded into eight 75 cm 2 flasks and incubated for 24 hours to allow proper attachment. Cells were then exposed to DMEM, lacking serum and sodium pyruvate but containing 2% bovine serum albumin, for 24 hours, followed by a 6-hour exposure to various doses of Cd in DMEM. Generally, we used doses of 0, 0.1, 0.2, 0.5, 1, 2, 4, and 8 μM CdCl 2 .
assessment of Fibroblast Resistance to cd-induced cell Death
Resistance to the lethal effects of Cd was assessed according to the protocol described in references (4, 23 
Sample Preparation for icP-MS
After exposure to Cd, cells were detached from the flask using trypsin at 0.05% with 0.48 mM ethylenediaminetetraacetic acid (EDTA; Gibco-Invitrogen, Carlsbad, CA). To verify that EDTA treatment does not remove metals from the cells we detached the cells with 0.25% trypsin (GibcoInvitrogen) containing no EDTA as well (Supplementary Figure 3A) . Cells detached with trypsin at 0.25% containing no EDTA are shown in red and green. Blue symbols show cells detached with trypsin at 0.05% with 0.48 mM EDTA. In the next step, samples were thawed at room temperature and protein concentration was measured using a BCA assay kit (Pierce-Thermo Fisher, Rockford, IL). The cell survival was calculated from the ratio of protein in the cell culture lysate of cells treated with Cd to those not exposed to Cd (data not shown). Finally, 85 μL of concentrated nitric acid was added to the remaining sample and the sample was incubated at 65 °C for 2 hours followed by measurement of nucleic acid absorption at 264 nm using a Cary 100 Bio spectrophotometer (Varian, Palo Alto, CA).
inductively coupled plasma mass spectroscopy
Concentrations of Cd, Mn, nickel, cobalt, Cu, Fe, and Zn were analyzed in primary fibroblast lysates using an ICP-MS instrument, Element 2 (Thermo Fisher, West Palm Beach, FL). Prior to analysis, indium was added to the nitric acid solution as an internal standard. Cd, Mn, nickel, cobalt, Cu, Fe, and Zn calibration standards were prepared at a concentration of 100 ppb.
Data Processing and Statistical analysis
Kinetic parameters for Cd uptake were determined from the linear increase in intracellular Cd upon incubation with Cd in the medium (0-4 μM CdCl 2 ). Data above 4 μM CdCl 2 in the medium were measured only in few species. The concentration of Cd needed to kill 50% of the cells (LD50) was calculated using the Excel function FORECAST that predicts values based on known values using linear regression. Two Cd concentrations closest to LD50 were used to calculate the Cd LD50.
To compare interspecies metal analysis, samples were normalized to the protein concentration in cell lysates. To identify an outlier in protein concentration within a single cell line, the nucleic acid absorption was estimated as well. We observed that the ratio between the protein concentration and nucleic acid absorption was constant within a single cell line. Outliers were identified and removed from analysis if the ratio between protein concentration and nucleic acid absorption significantly deviated (>50%) from a constant value.
Standard linear regression was used to analyze the association between life span, Cd uptake rate, LD50, and cellular metal concentration using GraphPad (GraphPad Software, Inc., La Jolla, CA). The CORR procedure in SAS (SAS Institute Inc., Cary, NC) was used to analyze the association between Cd uptake rate, cellular metal concentration, and LD50 adjusted for maximal life span.
To evaluate the potential relationship between body mass and Cd uptake rate, LD50, and cellular metal concentrations we used two methods. First, we plotted residuals of standard linear regression of species body mass versus maximal life span against residuals of standard linear regression of Cd uptake rate, LD50, and cellular metal concentrations versus species body mass. Then, we calculated the associations using standard linear regression. The associations between Cd uptake rate, cellular metal concentration, and life span were adjusted for body mass using the CORR procedure in SAS. In a separate analysis, we used a standardized contrast analysis (24) . The phylogenetic tree used for this standardized contrast procedure was built using information in references (25) (26) (27) (28) (29) (30) (31) (32) .
Results
To identify possible mechanisms of Cd resistance in long-lived species, we measured intracellular metal concentrations after exposure to Cd. We first measured Cd uptake into fibroblasts over the course of a 10-hour period to evaluate the linearity of uptake. Fibroblast cultures from two Cd-sensitive, short-lived rodent species (mouse and whitefooted mouse) and two Cd-resistant long-lived species (beaver and fox squirrel) were exposed to 2 μM Cd for 0, 1, 2, 4, 6, 8, and 10 hours. Concentrations of cellular Cd were measured using ICP-MS. The data in Supplementary Figure 1 show that: (i) cellular uptake of Cd is linear over time, in all four rodent species, for at least 6 hours; (ii) Cd accumulates indicating that import rates are higher than export rates; (iii) regulation of Cd import and export is minimal within the first 6 hours of incubation in Cd-containing medium since the increase is linear; and (iv) loosely bound extracellular Cd has been removed from the cell pellet prior to lysate preparation and analysis since Cd extrapolates to zero at the start of the incubation. Assuming that the intracellular protein concentration is ~200 mg/mL (33), a Cd concentration of 10 nmol/mg protein, as measured for the mouse cell line at 6 hours, would correspond to a cellular Cd concentration of 2 mM which is almost 10-fold higher than the baseline cellular concentration of Zn of 0.3 mM (Supplementary Figure 5) . The linearity of import also indicates that the cellular Cd capacity is not depleted in the 6-hour time period. Primary fibroblasts from mouse and white-footed mouse accumulate four to sixfold more Cd than cells from beaver and fox squirrel, suggesting an association between species life span and cellular Cd uptake, explored more fully below.
Cd is not essential for cell growth, and there is no evidence for plasma membrane transport mechanisms that are specific for Cd uptake. Fujishiro and colleagues (34) have shown that cellular Cd export is minimal in cultures of SV40-transformed mouse embryonic cells, at least partly due to the high affinity of Cd for cellular protein thiols (35) . To test whether the differences in Cd accumulation among cell lines (shown in Supplementary Figure 1 ) reflect variation in Cd export, we measured cellular export of Cd from fox squirrel fibroblasts, which had the least Cd accumulation of the four species tested. If Cd accumulation is influenced by Cd export, we would expect to see reduced levels of cellular Cd in fibroblasts upon removal of Cd from medium. Fox squirrel cells were incubated in 2 μM Cd in DMEM for 6 hours followed by incubation in DMEM (Supplementary Figure 2) . The cellular Cd concentration does not decrease in the 4 hours after removal from Cd-containing medium, indicating that Cd export is negligible and suggesting that differences among cell lines in Cd accumulation represent variation in Cd import.
Rate of cd Uptake correlates With Rodent life Span
To provide a general test of the association between species life span and the rate of Cd import into fibroblasts, we measured the metal content of primary fibroblast cell lines from 11 additional rodent species exposed to 2 μM Cd for 6 hours. Table 1 lists the 15 rodent species tested, with life span, body mass measurements, and Cd uptake rates, along with the one bat species evaluated in parallel. Maximal life span and species weight were excerpted from the AnAge Database of Animal Ageing and Longevity (36) . Figure 1 illustrates the correlation between the rate of cellular Cd uptake and rodent species life span (p value = .037). The data show that cells from short-lived rodent species accumulate more cellular Cd than cells from long-lived species. Bat fibroblasts resembled cells from long-lived rodents with a rate of Cd uptake of 0.34 nmol/mg protein/hour (data not shown), consistent with their long life span and cellular resistance to Cd toxicity (2). Cellular Cd was normalized to cellular protein concentration as is standard in the literature (37, 38) .
Reproducibility of the Data
To evaluate the sensitivity of these results to replication and culture history, we measured the metal content of fibroblasts from three species (white-footed mouse, mouse, and fox squirrel, shown respectively in Supplementary Figure  3A-C) under various conditions. Each panel shows the cellular concentration of Fe, Cu, Mn, Zn, and Cd, measured after a 6-hour exposure to Cd. Cells from the white-footed mouse were derived from replicate cryopreserved aliquots from the same donor, collected for metal analysis on two consecutive days (red and green symbols), as well as in cells subjected to one additional subculture (blue symbols). Cells from the mouse were derived from four different cryopreserved aliquots from the same donor analyzed within 15 months. Cells from the fox squirrel were derived from three different cryopreserved aliquots from different donors analyzed within 8 months. The data for all three species show good internal agreement, demonstrating that variation among species is much greater than variations due to technical factors and passage history.
Decrease of cellular Zn concentration in Primary Rodent Fibroblasts after cd exposure is associated With Rodent Species life Span
Exposure of primary fibroblasts to Cd leads to export of 10%-80% of the total cellular Zn over the 6-hour incubation Figure 1 . Rate of cadmium uptake correlates with species longevity. Cells were incubated for 6 h at 2 μM CdCl 2 in Dulbecco's modified Eagle's medium prior to cadmium estimation. Error bars indicate the standard error of the mean from different animals of the same species: n = 2 for mouse, deer mouse and beaver, and n = 3 for fox squirrel. The regression line, and R 2 and p values represent results of standard linear regression. For clarity, the symbol for porcupine is displaced by 1 y (22.4 instead 23.4) to discriminate it from the symbol for the beaver. The symbols for meadow vole and golden hamster are, for the same reason, displayed with life span of 4.5 and 3.5 y instead of 4 and 3.9 y, respectively. The identical adjustment to displayed species life span is used in all of the following figures.
period with little change in other cellular transition metals (ie, Fe, Cu, Supplementary Figure 3) . Figure 2 illustrates the association of Cd-induced Zn export with species life span. Figure 2A Figure 2B (p value = .010). The latter approach, based on the fraction of exported cellular Zn, has a significant advantage over the ΔZn value because it is independent of the amount of cellular protein and, therefore, cell volume. Linear regression analysis of Figure 2 indicates that both ΔZn and the fraction of Zn exported upon Cd exposure correlate with rodent longevity. Cells from short-lived rodent species export more Zn than long-lived species, consistent with the higher levels of Cd imported into the cells from short-lived rodents. Figure 3 illustrates this relationship directly, showing the strong negative correlation between the rate of Cd uptake and the fraction of retained Zn in this set of cell lines.
assessment of Transporter Kinetic Parameters
The association of high Cd uptake with shorter life span might, in principle, involve changes in the number of transporters or the kinetic properties of the transporters. To investigate the transporter kinetics, we measured the amount of Cd imported into rodent primary fibroblasts after a 6-hour incubation as a function of the Cd concentration (0-4 μM). Since Cd import is linear during this time period ( Supplementary  Figure 1) , these data reflect the rate of Cd import. A hyperbolic dependence of the Cd import rate on the Cd concentration was observed (Supplementary Figure 3) and the Michealis-Menten equation was fit to these data, providing values for maximal rate (V max ), V max /K M , and K M . Although the K M values vary over a range of ~10-fold among the tested species ( Figure 4A) , there is no linear correlation between the K M value and the maximal species life span (p = .5). We conclude that the differences in the rates of Cd uptake among primary fibroblasts from different rodent species are not simply attributable to differences in the apparent affinity (K M ) for Cd of the plasma membrane Cd importers. For two species, K M is above 0.8 μM Cd concentration. This means that the Cd uptake rates measured at 2 μM Cd (Figure 1) do not reflect the maximum Cd uptake rate for cells from all of the species. The V max value, reflecting the uptake rate at saturating Cd, corrects for the observed differences in K M . Linear regression analysis of the dependence of V max on species maximal life span shows a modest correlation with a p value of .054 ( Figure 4B ).
Fe and cu concentrations correlate With life Span
The ICP-MS analysis also provides the concentration of other transition metals, including Fe, Mn, and Cu. Nickel and cobalt concentrations are below the detection limit for Supplementary Figure 4 summarizes the changes in Cu and Fe concentrations in primary fibroblasts after a 6-hour exposure to Cd, calculated as the slopes obtained from a linear regression of the cellular Fe (top) and Cu (bottom) concentration as a function of extracellular Cd. Despite some variability, the slopes cluster near zero, suggesting that neither the total cellular Fe nor Cu concentration is sensitive to Cd influx over the time interval studied. The cellular concentration of Mn is reduced after Cd exposure by up to 50% and 30% in short-and long-lived rodents, respectively, but there is no significant linear correlation (p = .081) between the fraction of Mn retained and the maximal species life span (data not shown).
To evaluate whether there is a systematic association between cellular Cu or Fe levels and life span, we measured these metal concentrations in cells exposed to serum-free medium in the absence of added Cd. Although the associations do not reach the traditional significance criterion of p value = .05, there is in each case a suggestion ( Figure 5 ) that cells from long-lived species tend to have lower levels of both Cu and Fe, with p values of .067 and .056, respectively. In contrast, there was no relationship between longevity and baseline concentrations of cellular Mn or Zn (Supplementary Figure 5 ; p values = .7 and .4, respectively).
Furthermore, these metal measurements provide insight into the determinants of resistance to Cd toxicity. The concentration of Cd that leads to the death of 50% of the cells in defined conditions (23) , that is, the LD50, was taken as an index of resistance to Cd toxicity. We measured the Cd LD50 for all 15 species listed in Table 1 , and compared the results to the rate of Cd uptake, fraction of Zn exported upon Cd exposure, and cellular Fe and Cu concentrations prior to Cd exposure. The rate of Cd uptake, the fraction of Zn exported, and the baseline cellular Fe concentration (but not Cu concentration) all correlate with Cd LD50 (Figure 6 ; p values ≤ .004). These associations do not reflect merely a confounding effect of joint association with species life span, in that the partial correlations of each of these biochemical indices with LD50 remain significant (p values of .02, .006, and .03, respectively) even after adjustment for life span. These data thus suggest that slower Cd uptake, decreased Zn export, and lower baseline Fe concentration each contribute to resistance to Cd toxicity. 
Discussion
We have examined the Cd resistance of primary dermal fibroblast cell lines from 15 rodent species, and one species of bat, and analyzed transition metal homeostasis with respect to species longevity. Long-lived mutants of the nematode c. elegans and primary fibroblasts established from several varieties of long-lived mutant mice are significantly more resistant to Cd toxicity than wild-type controls (4, 23, 39) . In addition, fibroblasts from shortlived bird and rodent species are more sensitive to Cd toxicity than those from longer-lived species, including the very long-lived naked mole rat (2, 3, 6) . Although dermal fibroblasts are unlikely to play an important role in the control of life span in these species, previous studies suggest that fibroblasts can provide a convenient system for exploration of cellular properties that might also affect a wide range of cell types in multiple tissues. These studies thus can provide insight into the way evolutionary forces mold stress-resistant mechanisms to affect life span and aging rate.
Cellular resistance to Cd could involve constraints on Cd influx, augmentation of Cd removal, internal buffering of Cd ions by chelators or compartmentalization, or mechanisms that modulate the toxic effects of Cd, such as turnover and replacement of Cd-damaged macromolecules. Our data suggest that interspecies differences in Cd resistance mainly reflect differences in Cd import. When cells from long-lived rodent species are exposed to Cd for 6 hours they accumulate significantly lower amounts of Cd than cells from short-lived species. Cd is not an essential metal and is imported by transporters specific for other metals that are essential for cell function. Several transporters have been shown to catalyze Cd import. The Zn and Mn importers Zip8 (Slc39a8) and Zip14 (Slc39a14) as well as the primarily Fe importer, divalent metal transporter 1 (DMT1), were shown to import Cd with high affinity (40) (41) (42) (43) . Additionally, several reports suggest that some calcium transporters might be involved in Cd import (34, (44) (45) (46) (47) , but no direct evidence has been presented so far. In most cells, DMT1 is primarily expressed in the endosomal membrane to transport Fe from the endosome to cytosol (20, 48) . Therefore, it seems unlikely that DMT1 is a major Cd importer in fibroblasts. Fujishiro and colleagues (49) have shown that both Zip8 and Zip14 transporters are downregulated in Cd-resistant metallothionein-null cells developed from embryonic mouse fibroblasts. Moreover, Cd-resistant cells developed from rat basophilic leukemia cells show significantly reduced expression of Zip8 as well (50) . These data suggest that Zip8 and/or Zip14 play a major role in Cd import in rodent fibroblasts.
In this work, Cd uptake rates were calculated from exposure of cells to 2 μM Cd for 6 hours (Figure 1 ). These experimental conditions were carefully selected and deserve explicit justification. First, the majority of the cells (>90%) from each of the tested rodent species survive exposure to 2 μM Cd in the culture medium for 6 hours. The most sensitive rodent species show a decline in cell number for exposure lasting longer than 6 hours (Supplementary Figure 1) . Second, these conditions allow accumulation of cellular Cd that can be easily detected by ICP-MS. Third, the 6-hour exposure is short enough to avoid significant changes in the cellular expression of Cd importers or exporters (Supplementary Figure 1) . Fourth, 2 μM Cd concentration is significantly above K M for the majority of species ( Figure 4 ) so that the measured rate nearly reflects the maximal Cd uptake rate. Fifth, Cd uptake rate is constant over at least the first 6 hours of experiment (Supplementary Figure 1) .
The data in Figure 1 are normalized to the amount of protein within the cell. If cells differ in size, normalization to cell size could in principle have led to somewhat different values. There is no evidence that the average rodent fibroblast cell size correlates with species life span, and we did not routinely measure volumes of the fibroblasts used in the study. As one test of the possible influence of differences in cell volume, we compared cells from mice to those of the little brown bat, whose fibroblasts are similar in size when examined microscopically. Bat cells were approximately 100-fold more Cd resistant than mouse fibroblasts (2) and show a Cd uptake rate that is eightfold lower than mouse fibroblasts (Table 1) , consistent with the exceptional longevity of the organism, despite similarity in volume per cell.
Cd accumulates in cells and tissues, and no effective mechanism exists for its export. In humans, Cd turns over very slowly, with a half-life of about 20 years (7). Our data show that (i) Cd accumulates within the cells reaching intracellular Cd concentrations on the order of several 100 μM upon exposure to 2 μM extracellular Cd for 6 hours ( Figure 1 ) and (ii) Cd-loaded fibroblasts retain Cd for several hours (Supplementary Figure 2) upon incubation in the absence of Cd, consistent with the results of other groups (34) . Previous work has established that Cd disrupts metal homeostasis of transition metals Zn, Fe, Cu, and Mn (reviewed in reference (12)). Our data indicate that cellular Cd accumulation results in Zn export in rodent fibroblasts (Figure 2) . One possible mechanism for this observation is that Cd binds with higher affinity than Zn to binding sites containing multiple thiol ligands, such as metallothioneins and Zn finger proteins (12, 51) . Thus, Cd could displace protein-bound Zn ions, leading to an increase in cellular Zn and enhanced Zn export, consistent with the correlation between cellular Cd concentration and Zn loss (Figure 3) . Similarly, Cd may also compete for sites that bind Fe and Cu leading to a disruption of cellular Fe and Cu homeostasis and potentially contributing to the reactive oxygen species production accompanying Cd exposure (7, 8) . Indeed, Figure 6 demonstrates that the cellular Fe concentration prior to Cd exposure correlates with Cd sensitivity (p value = .004).
It is important to consider possible relationships between maximal life span and species-specific differences in body weight to avoid reporting associations that merely depend on body size and are associated with metabolic demands. We have evaluated the relationships of Cd uptake rate, baseline cellular Fe and Cu concentrations, and fraction of exported Zn to species body mass. We used regression of residuals and partial correlations adjusted for species body mass. Neither method yielded a significant relationship. This is not surprising, because species life span is strongly correlated to body mass, and thus statistical adjustment for mass dramatically reduces the statistical power for the regression or correlation. We thus cannot rule out the idea that the relationships we report between metal ion mobility and species life span might, in theory, reflect shared influences of mass or some other confounder (eg, metabolic rate), although it is difficult to see how changes in mass or metabolic rate per se might lead to changes in influx or efflux of heavy metals into skin-derived fibroblasts. Similarly, we found no significant relationship between the cellular endpoints and life span using a standardized contrasts analysis (24) . The use of rodent species and the relatively small number of species evaluated limit the statistical power of this approach.
In summary, this report is the first study that directly compares cellular metal concentrations in primary fibroblasts from 15 different rodent species before and after exposure to Cd. These data demonstrate that fibroblasts from longlived rodent species import less Cd and consequently export less Zn then cells from short-lived species upon exposure to Cd. We hypothesize that fibroblasts from long-lived rodents express fewer Cd transporters than fibroblasts from shortlived species, or perhaps have transporters with higher specificity for the essential transition metal ions compared with Cd and therefore do a better job of excluding Cd from the cell. 
